Using globular cluster (GC) kinematics and photometry data, we calibrate the scaling relation between the total galaxy mass (MTOT including dark matter) and total globular cluster system mass (MGCS) in a sample of 30 early-type galaxies (ETG), finding a nearly linear relationship between the two physical parameters. We further investigate this scaling relation in conjunction with the previously known relation between the ISM X-ray luminosity (LX,GAS) and MTOT using a sample of 83 ETGs, and confirm that MGCS can be effectively used as a proxy of MTOT. Using the MGCS-MTOT scaling relations we compare 272 ETGs with previous estimates of the stellar-tohalo mass relation of galaxies. Our model-independent estimate of MTOT results in a good agreement around halo masses of 10 12 M, but suggest higher star formation efficiency than usually assumed both at the low and at the high halo mass ends. The LX,GAS -MTOT relation is far tighter in core than cusp ETGs. This is consistent with previous results, indicating that while MTOT is the most important factor in retaining hot ISM in core ETGs (old, passively evolving stellar systems), secondary (non-gravitational) factors may affect gas retention in cusp ETGs. We find that for a given dark matter mass (MDM), cusp galaxies with higher stellar mass (MSTAR) tend to have higher LX,GAS. This suggests that stellar feedback could be an important secondary factor for determining the amount of hot ISM retained in low LX,GAS cusp galaxies.
INTRODUCTION
The total galaxy mass (MTOT) out to a large radius (e.g., virial radius) is one of the most important physical quantities in modern astrophysics. As dark matter (DM) out-weights visible matter by 5 to 1, DM plays a key role in formation and evolution of galaxies. Under the cold dark matter (CDM) paradigm, the most widely accepted cosmological model, numerical simulations could well reproduce observed large-scale structures of galaxies and predict a large amount of dark matter (DM) halos around galaxies and clusters of galaxies (e.g., see Naab & Ostriker 2017 and references therein) . Through the hierarchical mergers of DM clumps, which were originally formed from primordial density fluctuations, DM and gas were gravitationally attracted to the denser area and eventually formed galaxies, which further grew via accretion of surrounding gas and smaller satellite galaxies (e.g., see Somerville and Dave 2015 and references therein) .
Despite of its importance, the accurate measurement of the total mass of an individual galaxy is still challenging. While total masses have been measured using integral field twodimensional spectroscopic data for a large number of early type galaxies (ETGs) (e.g., in the Atlas 3D sample; Cappellari et al. 2013) , these data are limited to radii within ~1 Re (effective radius or half-light radius) where the stellar mass dominates over DM. Dynamical mass measurements at large radii have recently become available from the analysis of the kinematics of hundreds of globular clusters (GC) and planetary nebulae (PN) in individual galaxies (Deason et al. 2012 ), but they are available only for a small number (~30) of ETGs.
Using the photometric data of GCs, Hudson et al. (2014) demonstrated a possible nearlinear relationship between MTOT and the total mass of the galaxy's GC system (MGCS). See also earlier works by Blakeslee et al. (1997) and Spitler & Forbes (2009) . Such a trend might be expected if GCs formed alongside the earliest stellar populations in direct proportion to the amount of gas in the galaxy's potential well, which would be proportional to the DM halo mass. In this study, we calibrate MGCS as a proxy of MTOT, by comparing it first with kinematics measurements of MTOT.
A second proxy of MTOT is the X-ray luminosity of the hot ISM (LX,GAS) (Kim & Fabbiano 2013; Forbes et al. 2017) , which is available for a larger sample of ETGs. In this paper, we have assembled a sample of 83 ETGs from the literature, with which we also compare MGCS. All these galaxies have X-ray and MGCS data.
Although LX,GAS has also been proposed as a proxy for MTOT, this may not apply to all ETGs. Kim & Fabbiano (2013) and Forbes et al. (2017) noted that the L X,GAS − MTOT relationship is particularly tight for gas-rich galaxies with core profiles, indicating that MTOT is the primary factor in retaining hot ISM in these galaxies. Instead, more scatter is observed for X-ray fainter cusp galaxies, suggesting that non-gravitational effects may be at play. Besides gravitational heating during infall, the gas released into the ISM by evolved stars and supernovae is also heated by stellar and AGN feedback (Pellegrini 2011 (Pellegrini , 2012 . The complex balance between these energizing processes, the depth of the galaxy's potential well, external mergers and stripping, outflows and replenishment from stellar sources determines the gas temperature, density and luminosity that is observed in the present day. However, the balance between these processes is still not fully understood.
Having calibrated the MGCS -MTOT relationship, we further investigate possible secondary factor responsible for heating the ISM in the low mass (low LX,GAS) galaxies, by using scaling relations between the X-ray luminosity and temperature of the ISM and other physical properties of its host galaxy.
The ETG sample we have assembled for this work is described in Section 2. In Section 3, (1) we compare MGCS with the total mass (MTOT) determined by GC kinematics data for 30 ETGs and (2) with the full sample of 83 ETGs, we further investigate X-ray scaling relationships for core and cusp galaxies. Our results and their implications are discussed in Section 4 and summarized in Section 5. Throughout this paper, we quote errors at the 1σ significance level.
THE ETG SAMPLE
In this chapter, we summarize the provenance of the three main data sets used in this study: GC photometric data and MGCS from Harris et al. (2013 Harris et al. ( , 2017 ; total galaxy mass (MTOT within 5 Re and M200) data, measured through GC kinematics, from Alabi et al. (2017) ; and X-ray data from which we derive LX,GAS and TGAS (the gas temperature) from various sources described below. The data sets and their properties relevant to this study are are summarized in Table 1 , which contains basic information about the galaxies, the X-ray data, MGCS, and MTOT.
X-ray Data and Sample
We have assembled a sample of 83 ETGs with the X-ray luminosity from the hot gas (LX,GAS) from several sources. The bulk of the X-ray data used in this work are Chandra data from Kim & Fabbiano (2015; hereafter KF15) and Boroson, Kim, & Fabbiano (2011; hereafter BKF11) . Both papers present TGAS and LX,GAS (within the 0.3-8.0 keV energy range) of each galaxy in their respective samples, after removing the contributions to each galaxy's X-ray luminosity of low mass X-ray binaries (LMXBs), active binaries (ABs) and cataclysmic variables (CVs), and the active galactic nucleus (AGN), if present. The BKF11 sample consists of 30 nearby non-cD (core dominant) early-type galaxies, while the KF15 sample consists of the 60 early-type galaxies in the volume-limited ATLAS 3D sample (Cappellari et al. 2011 ) that had Chandra ACIS observations longer than 10 ksec. There is considerable overlap between the two data sets, with the combined sample consisting of 48 galaxies.
We supplement the KF15 and BKF11 data with additional Chandra data from Goulding et al. (2016, hereafter G16) , adding 9 galaxies in total. The G16 sample consists of the 33 galaxies within the MASSIVE data set (a survey of the 116 most massive early-type galaxies within 108 Mpc) that have archival Chandra observations. Like KF15 and BKF11, G16 remove the contribution of X-ray emission by point sources, such that their reported luminosities are contributed to solely by gas emission. G16 present their X-ray luminosities within the 0.3-5.0 keV energy range. We converted these luminosities to the 0.3-8.0 keV energy range used by BKF11 and KF15 using PIMMS 1 (Portable, Interactive Multi-Mission Simulator). We additionally supplement this X-ray data set with ROSAT data from O'Sullivan et al. (2003, hereafter OPC03) and O'Sullivan et al. (2001, hereafter OFP01) . In total we use data for 4 galaxies from OPC03 and 20 from OFP01. We applied corrections to the OPC03 and OFP01 luminosities to convert them to the same 0.3-8.0 keV energy band as the rest of the X-ray data that we use, and to remove the contribution of point source emission, following BKF11. OFP01 do not include any estimate for the uncertainty in their luminosities, so we assume fractional uncertainties of 50% for the OFP01 luminosities, consistent with the typical value seen in the similarly derived OPC03 data.
Finally, we add Sombrero (NGC 4594) and CenA (NGC 5128) to our sample because they have GC spectroscopic data (see section 2.3). Their hot gas properties were measured with Chandra data by Li & Wang (2013) and Kraft et al. (2003) , respectively. In total, our X-ray sample consists of 83 ETGs.
Comparison with established X-ray scaling relations
We investigated our aggregated data set by revisiting the well-studied LX,GAS − LK and LX,GAS − TGAS scaling relationships of the hot ISM (e.g., BKF11, KF15, G16). Figure 1 plots the ISM X-ray luminosities of each galaxy in our aggregated sample against their K-band luminosities which are a good proxy for stellar mass, particularly for ETGs. As in KF15, we have applied a bisector linear regression method and estimated the corresponding error by bootstrap resampling (http://home.strw.leidenuniv.nl/~sifon/pycorner/bces). We also used the Pearson and Spearman correlation tests from the scipy statistics package (http://www.scipy.org) to estimate the p-value for the null hypothesis. The results are summarized in Tables 2 and 3 for LX,GAS-LK and LX,GAS-TGAS, respectively. In this sample of 83 galaxies with LX,GAS, we find a best fit power-law slope of 2.69 ± 0.23. This is slightly flatter than the slope found by KF15 (2.98 ± 0.36 for a full sample), but consistent within the 1 error. Excluding M32 (NGC 221, the point at the lower left corner), we obtain similar best-fit parameters. Fig. 1 . ISM X-ray luminosity is plotted against K-band luminosity (a proxy for stellar mass) for the 83 galaxies in our aggregated X-ray data set. Data points are color-coded based on the source of the X-ray data. The solid line is the best fit relation for the entire sample. The dashed (dotted) line is without M32 (OFP01).
While data points from difference sources are in general consistent with each other, LX,GAS from OFP01 seems to be slightly higher than those from Chandra measurements for a given LK, particularly at the low LK. However, the three galaxies (NGC 4387, NGC 4458, NGC 4550) with the lowest LK among OFP01 may have a measurement error (e.g., the contributions from LMXBs and AGN were unresolved and incorrectly subtracted). Also, we cannot exclude a selection effect (faint galaxies might have been excluded in the ROSAT sample). We therefore repeat the linear regression without OFP01 and obtain similar parameters, except that the intercept is slightly lower, but still consistent within the error (see Table 2 ). We note that only one (NGC 4387) of the three galaxies with the lowest LK has a cusp profile (the other two being intermediate/unknown) so that they do not affect our analyses presented for the core and cusp subsamples throughout this paper. Table 2 . Best fit parameters for the LX,GAS -LK relation =================================================================================== sample # of galaxies slope error intercept error Table 3 . Best fit parameters for the LX,GAS -TGAS relation =================================================================================== sample # of galaxies slope error intercept error Figure 2 plots the ISM luminosity vs. temperature for each galaxy in the sample for which there is an available temperature measurement (and thus does not include the OFP01 data, as well as some galaxies from the other data sets with unconstrained temperatures). The aggregated data set consists of 57 galaxies. We find a best-fit power-law slope of 5.06 ± 0.32, in agreement with the 5.39 ± 0.60 slope found by KF15 (for a full sample).
Given the agreement between the scaling laws we obtain from our larger sample with previous results from more homogeneous selections, we conclude that the present sample of ETGs is representative of the X-ray properties of ETGs.
Core and Cusp ETGs
Table 1 also provides a classification of our sample galaxies as 'core' or 'cusp'. Considering the so-called E-E dichotomy (e.g., Kormendy & Ho 2013) , we further split the sample up by nuclear profile, into "core" ETGs, which have nuclear surface brightness profiles that flatten out towards the center, and power-law or "cusp" ETGs, the surface brightness profiles of which continue to increase up to the resolution limit. Core ETGs tend to be luminous, slow rotators, while cusps are less luminous and more rapidly rotating. Additionally, core ETGs tend to have boxy isophotes, while those of cusp ETGs tend to be more disky. In general, core ETGs consist of a homogeneous sample of pure elliptical galaxies with no recent star formation, while cusp ETGs can be heterogeneous with respect to recent star formation, galaxy shape, and rotation. Throughout this work, assignment of "core" or "cusp" is based on the results of Lauer et al. (2005 Lauer et al. ( , 2007 , Cote et al. (2006) , Hopkins et al (2009a, b) , Richings et al. (2011) and Krajnovi ć et al. (2013) . Fig. 2 . ISM X-ray luminosity is plotted against ISM temperature for the 57 galaxies with measured temperatures in our aggregated X-ray data set. Data points are color-coded based on the source of the Xray data.
Globular Cluster Photometric Data
The photometric GC data used in this study come from the catalog of Harris et al. (2013) , who compile the number of GCs in 341 ETGs from the literature. Of these ETGs, 83 have X-ray data. To correct for incompleteness, counts are generally extrapolated out to the full extent of the galaxy based on their observed radial profile, and extrapolated to lower magnitudes by fitting a GC luminosity function (typically Gaussian in shape) to the number and luminosity of observed GCs.
Harris et al. additionally determine MGCS for each galaxy in their catalog. Harris et al. determine the total GC V-band luminosity in each galaxy using the galaxies' V-band magnitudes and the GC luminosity function described in Jordan et al. (2006) and Vesperini (2010) . To derive MGCS, they then scale total GC luminosity to total GC mass using a mass-to-light ratio of 2.
Globular Cluster Spectroscopic Data: Kinematic Mass Measurements (MTOT)
We also make use of the kinematically determined total mass measurements of Alabi et al. (2017) . Alabi et al. use spectroscopically determined line-of-sight velocities of GCs to determine the total mass (baryonic + dark matter) within five effective radii, MTOT(5Re), for 32 ETGs of which we use 30 ETGs in this study. We do not use NGC 2974 and NGC 4474 because they do not have X-ray measurements. Alabi et al. assume a GC power-law density distribution within a given galaxy, and a power-law profile for the galaxy's gravitational potential. They calculate the power-law slope of the GC density distribution for each galaxy based on its stellar mass, using an empirical relationship determined from GC density profiles in the literature. They also calculate the power-law slope of each galaxy's gravitational potential based on its stellar mass, using a relationship determined from the cosmological simulations of Wu et al. (2014) . The mass of each galaxy is assumed to have a pressure-supported component and a significantly smaller rotationally supported component, which are calculated separately based on the GC radial velocities and the assumed radial profiles of GCs and gravitational potential. MTOT is the combination of the pressure-supported mass and the rotationally supported mass.
Alabi et al. also calculate virial masses for each galaxy in their sample, by extrapolating the total masses that they measure within five effective radii out to the virial radius, assuming an NFW density profile for the dark matter halo. The virial mass, MTOT(R200) = M200, is defined as the mass contained within the radius (R200) for which the galaxy's dark matter density is 200 times the critical density of the universe.
RESULTS: MGCS AS PROXY OF MTOT
As discussed in Section 1, previous studies have begun to provide empirical evidence for a linear relationship between the (empirically determined) total mass (MTOT) of a galaxy and the total mass (MGCS) of its GC system (Harris et al. 2013 (Harris et al. , 2015 (Harris et al. , 2017 ). Here we test and calibrate the MGCS -MTOT relation by means of a direct comparison with kinematically derived MTOT (Section 3.1). We then extend this comparison to include the X-ray luminosity from the hot gaseous halos in these galaxies LX,GAS (Section 3.2). Table 4 and 5 for the estimates of MTOT at 5Re and R200, respectively.
Comparison with kinematically measured MTOT
We find a strong, close-to-linear relationship between the two variables, MTOT(5Re), and MGCS, with a power-law slope of 0.85 ± 0.06, and a root-mean square (RMS) deviation of 0.27 dex. The relationship between MTOT(5Re) and MGCS for the core subsample (see Section 2.4) has a slope of 0.87 ± 0.09 and a similar RMS deviation to that of the full sample. log (MTOT(5Re) / 10 11.7 M⊙) = 0.850.06 x log (MGCS / 10 8.5 M⊙) for the full sample log (MTOT(5Re) / 10 11.7 M⊙) = 0.870.09 x log (MGCS / 10 8.5 M⊙) for the core subsample
The slope for the cusp subsample is similar but not as well constrained, with a power-law slope of 0.83 ± 0.41, and p-value of 0.19 and 0.06 for the Pearson and Spearman tests, respectively. For the full sample and the core subsample, the relationships between M200 and MGCS are similar to the above relations, except that the slope is consistent with being linear.
log (M200 / 10 13.1 M⊙) = 0.990.07 x log (MGCS / 10 8.5 M⊙) for the full sample log (M200 / 10 13.1 M⊙) = 1.010.1 x log (MGCS / 10 8.5 M⊙) for the core subsample Again, the cusp subsample has a large error in slope (0.84 ± 0.4) and the corresponding p-values are 0.18 and 0.04 for Pearson and Spearman tests, respectively. This could be partly because the sample is small and because the dynamic range is narrow, e.g., MGCS spanning one decade in the cusp subsample, compared to two decades in the core subsample. 
Comparisons with LX,GAS
Using the X-ray data compiled as described in Section 2.1, and the total galaxy masses both directly measured from the GC kinematics and scaled from MGCS (as described in Sections 3.1), we are able to study the LX,GAS − MTOT scaling relationship in a larger data set (83 ETGs) than ever before. Also, comparing the LX,GAS − MTOT relations determined with two sets of MTOT, we can further test the validity of the relation described in section 3.1. To estimate MTOT by scaling from MGCS, we apply the MTOT-MGCS relation for the full sample (section 3.1), and add the standard deviation, RMS in dex, to the error. Fig. 4 . The LX,GAS − MTOT relationship. In the left plot, the 30 ETGs with kinematically determined mass measurements (within five effective radii) are used. In the right, the same data points are plotted, along with the 53 additional galaxies with total masses estimated based on MGCS. Fig. 4 shows the LX,GAS − MTOT relations we obtain using GC kinematics (left panel; 30 ETGs), and both kinematics and the MTOT-MGCS relation (right panel; 83 ETGs).The results of the analysis of these relations are summarized in Table 6 . For the sample of 30 galaxies with kinematic MTOT, we find a best-fit power-law slope of 2.33 ± 0.24, with an RMS deviation of 0.74. This slope is lower than the slope of 3.13 ± 0.32 found by Forbes et al. (2017) using the same data set. This discrepancy is primarily attributed to the new effective radii used by for their mass measurements, which differ from those used by Forbes et al. (2017) . We could reproduce the previous relationship with the old Re values in Forbes et al. (2017) . Using ultra deep optical observations, recent studies (e.g., Ferrarese et al. 2006; Spavone et al. 2017) indeed suggest the effective radii of ETGs are larger than the previous values which were commonly used (e.g., RC3, 2MASS).
For the 83 ETGs with both X-ray and total mass data (30 kinematically determined, and 53 scaled from MGCS using the relations of Table 4 ), we find a best fit power-law slope of 2.04 ± 0.14 for the LX,GAS -MTOT(5Re) scaling relation, with an RMS deviation of 0.8. This relation is consistent with the relation measured using the 30 ETGs with kinematically determined MTOT(5Re). We note that M32 (at the lower left corner in the right panel of Fig 4. ) follows the overall relation. As in section 2.1 (Fig 1) , excluding M32 does not change the relationship. The difference between core and cusp ETGs becomes more dramatic (in comparison with Section 3.1), when LX,GAS (i.e. the properties of the hot gas) is considered. The 35 ETGs with a confirmed core profile (left panel of Figure 5 and Table 6 ), exhibit a steeper slope than the full sample (2.36 ± 0.22) and have a slightly lower RMS deviation of 0.7. The lower mass, cusp ETGs show no correlation (right panel of Figure 5 and Table 6 ). The slope of the LX,GAS -MTOT(5Re) relationship for these galaxies is unconstrained (1.01 ± 1.12), with a p-value of 0.9. The small dynamic range of the cusp subsample might have caused the observed scatter. We further discuss in section 4.2 that the scatter is in fact related to the stellar mass fraction. 
----------------------------------------------------------------------------------

DISCUSSION
The analysis of our representative sample of ETGs strongly supports the use of MGCS as a proxy for the MTOT of ETGs. In particular, using the 30 galaxies in the sample with both MGCS and MTOT measured independently (Section 3.1), we find a strong correlation between MTOT (r < R200 or r < 5Re) and MGCS. Using these scaling relations, and the sample of 272 ETGs with MGCS or kinematical MTOT available in the literature, we revisit the total galaxy mass -stellar mass fraction relation of ETGs (Section 4.1).
Comparing LX,GAS with either MTOT or the combination of MTOT and MGCS in a sample of 83 ETGs, we also find strong correlations (Section 3.2). These correlations persist for the subsample of core ETGs, making LX,GAS a good proxy of MTOT in these galaxies. This is in agreement with the conclusions (based on significantly smaller ETG samples) of Kim & Fabbiano (2013 and Forbes et al. (2017) , that gravity is the dominant factor for the retention of hot gas in core ETGs. The lack of correlation in the subsample of cusp ETGs suggests that factors other than total mass are dominant in determining the retention of hot ISM in these galaxies, in agreement with the conclusion of Kim & Fabbiano (2015) . Using our sample of 83 ETGs (both core and cusp), we re-discuss the LX,GAS -MTOT relation and its dependence of gravity and feedback (Section 4.2).
Stellar Mass Fraction versus Halo Mass in ETGs
The present understanding of galaxy formation is that each galaxy forms within a dark matter halo, and galaxy formation efficiency is a function of the halo mass, with a peak at halo mass of ~10 12 M (see review by Wechsler and Tinker 2018, and their Figure 2 ). The galaxy formation efficiency (or stellar fraction, fSTAR = MSTAR / MTOT) declines toward both higher and lower mass ends, leading to the conclusion that the efficiency could be considerably suppressed due to AGN feedback at the higher mass galaxies and stellar feedback at the lower mass range (e.g., see the review by Silk & Mamon 2012) .
To obtain the total mass (MTOT, or halo mass which is dominated by dark matter), and relate it to the stellar mass fraction fSTAR, various techniques have been used to match observed galaxies and simulated halos. They include abundance matching, halo occupation distribution and some variations of these two methods. While observationally determined galaxy properties (e.g., the galaxy luminosity function) are used to constrain the galaxy-halo matches, they depend on cosmological models and simulations (see Wechsler and Tinker 2018). Fig. 6 . Stellar and halo mass relation. fSTAR, the stellar fraction, is plotted against M200, the halo mass.In the top panel, the data for individual galaxies are compared with the result from Behroozi et al. (2013) . In the bottom panel, the average fSTAR (in M200 bin of 0.5 dex) is compared with the galaxy cluster and lensing data from the literature.
The MGCS -MTOT scaling relations (Section 3.1) instead provide a model-independent way to explore the fSTAR -MTOT relation. We estimated MTOT for the 242 early-type galaxies with MGCS compiled by Harris et al. (2013) but do not overlap with the Alabi et al. (2017) sample, and we also used the kinematically measured MTOT of Alabi et al. when available. This gives us the largest set of MTOT ever assembled, covering 272 ETGs. For MSTAR, we take the Kband luminosity and assume MSTAR/LK = 1 M/L. The uncertainty in the mass-light ratio can result in an error of ~0.1 dex in MSTAR (e.g., Bell et al. 2003) . Since in our ETG sample the gas mass is one or two orders of magnitude smaller than MSTAR, we can write MTOT = MDM + MSTAR and fDM + fSTAR = 1, from which we estimated fDM = MDM/MTOT. Given the uncertainties in MGCS and its conversion to MTOT, there are four galaxies with negative MDM. We excluded these galaxies in the following analyses. Alternatively, we set MDM=0 (fSTAR=1) for these four galaxies, but our results do no change. Fig. 6a shows this ETG sample plotted over the fSTAR -MTOT plot of Behroozi et al. (2013) , who used an abundance matching technique to constrain a parametric stellar mass-halo mass relationship. Behroozi et al. (2013) also showed that their results are consistent with those obtained by using the halo occupation distribution. Harris et al. (2013) showed a similar plot (in their Fig. 14) with specific mass SM ( = MGCS / Mdyn). In Fig. 6b we bin our data to improve statistics, by using mass bins of 0.5 dex, and calculating the average stellar mass fraction for each bin. We also compare our estimates with other estimators as indicated in the legend. We use MTOT(R200) in the figure, to approximate the virial mass.
The peak of our data agrees with Behroozi et al. (2013) , giving us added confidence on our use of MGCS to estimate MTOT, but the agreement is poorer at higher and lower masses. The average stellar mass fractions in the two lowest mass bins (M200 < 10 11 M) are higher with our estimated MTOT, and the discrepancy is significant at the 3-4 level. We note that our the MTOT -MGCS relation is not verified at the lowest mass bin in section 3. In the 2 nd lowest mass bin, M32, which follows the LX,GAS − MTOT relation in Fig. 4 , has fSTAR almost identical to the mean value. However, it is not clear whether M32, being a relatively rare compact elliptical (cE), represents the low mass system, because M32 would have been affected by the strong tidal force of M31 and most of its outer layers might have been stripped away (e.g., Bekki et al. 2001 ) and because both measurements of MGCS and LX,GAS are subject to large errors. Interestingly, van Dokkum et al (2018) reported little or no dark matter in the ultra diffuse galaxy, NGC1052-DF2, (with stellar mass ~ 2 x 10 8 M), using the kinematics data of 10 GCs associated with the galaxy, claiming that dark matter is not always coupled with baryonic matter on galactic scales. However, there is also an opposing view on this subject (Martin et al. 2018) . The disagreement at higher masses can already be observed in the Alabi et al. kinematics data alone and is reinforced by the full data set. The discrepancy is marginally significant at the 2-2.5 level in M200 > 10 14 M. Our results are close to the measurements from the lensing data where they overlap (e.g., Mandelbaum et al. 2006 ) and the cluster mass estimations by Kravtsov et al. (2018) show the same trend to even higher masses.
In summary, our results, which are independent of cosmological models, show an overall agreement with those determined by abundance matching and halo occupation methods. However, we obtain higher stellar mass fractions at the lower and higher masses, suggesting that feedback may not be as strong as generally believed in these regimes.
The Scatter in the MTOT -LX,GAS Relation And a Third Parameter
In Section 3.2 we have noticed that in the cusp ETGs subsample there is no correlation between the amount of hot gas retained (LX,GAS) and MTOT, which are instead highly correlated in core ETGs. Looking at the overall sample, we investigated average stellar age, flattening and rotation as a third variable in the correlation (gravity or MTOT being the primary factor), but we could not find any systematic effect from these quantities. Instead, we found a noticeable trend with dark matter fraction (fDM) or stellar mass fraction (fSTAR), which suggests that stellar feedback plays a critical role in the cusp subsample. This is illustrated in Figure 7 , where we color-code each point according to the dark matter fraction (fDM) we estimate for that galaxy. Fig. 7 . The LX,GAS − MTOT relationship, for full sample. This is the same as the top right panel of Figure 4 , but color-coded according to dark matter fraction (f DM ).
In Figure 7 , the most massive galaxies (MTOT(5Re) ≳10 11.5 M⊙) have high fDM (i.e., low fSTAR), while the less massive galaxies exhibit a wider range of fDM. Notably, there appears to be a trend among low mass galaxies (MTOT(5Re) ≲ 10 11.5 M⊙) with galaxies with high fDM (the red points) being found mostly below the best fit line, while galaxies with higher fSTAR or lower fDM (the cyan-blue points) are consistently above the line. These low mass galaxies are essentially the cusp ETGs (Section 3.2), suggesting that stellar mass could be an important secondary factor for determining the amount of the hot ISM among these low LX,GAS galaxies.
To better illustrate the above trend, we explored the effect of using either MTOT, MSTAR or MDM in the LX,GAS -Mass relation (see detailed results in the Appendix). We found that in the cusp subsample only there is a significant correlation in the residuals of the LX,GAS -MDM correlation as a function of fDM. In Figure 8 , we plot the residual of the LX,GAS -MDM correlation as a function of fDM (= 1 -fSTAR) for cusp ETGs, showing excess of LX,GAS for ETGs with smaller fDM (larger fSTAR) and deficit for those with higher fDM (smaller fSTAR). Based on the BCES (section 2.1.1) and Markov chain Monte Carlo method (Kelly 2007) , the correlation is significant at the ~10 level.
The cusp ETGs have overall low LX,GAS, implying that they cannot hold their entire hot ISM which could have been accumulated by stellar mass loss since they formed. They are consistent with the hot gas being in an outflow state or even in a wind state (e.g., Ciotti et al. 1991 , Pellegrini 2012 . In this case, the current rate of gas input from the stellar mass loss, which is proportional to the stellar mass, may become important, suggesting that the current stellar feedback could be an important secondary factor. 
SUMMARY
1) Testing the scaling relation between MTOT and MGCS by (1) the kinematically determined MTOT in a sample of 30 ETGs and (2) by the previously known relation between LX,GAS and MTOT in a sample of 83 ETGs, we confirm that MGCS can be effectively used as a proxy of MTOT. The relation between MGCS and MTOT is almost linear:
log (M200 / 10 13.1 M⊙) = 0.990.07 x log (MGCS / 10 8.5 M⊙)
2) With a large sample of ETGs with both LX,GAS and MTOT, we investigate the LX,GAS -MTOT relation and find that this relation is tight in the core subsample, but it is rather weak in the cusp subsample. This may indicate that while MTOT is the most important factor in retaining hot ISM in the core subsample (mostly old, passively evolving stellar systems), there may be a secondary factor in the cusp subsample. 3) With 272 ETGs with MTOT (scaled from MGCS by the above relation), we investigate the relation between MTOT and fSTAR, we find overall agreement with previous results using other methodologies (e.g., abundance matching), i.e., the stellar mass fraction peaking at MTOT ~ 10 12 M⊙ and declining toward both higher and lower mass ends. However, we identify that the stellar fraction is quantitatively larger than the previously known relation both at lower and higher mass ends, indicating the star formation efficiency is less suppressed than previously expected at the higher and lower mass range. 4) We further identify that the cusp galaxies with higher stellar mass for a given MDM (or MTOT) have higher LX,GAS. However, once MSTAR is fixed, no obvious relation exists as a function of MDM. These trends suggest that on-going (or recent) stellar feedback could be an important secondary factor for determining the amount of the hot ISM among these low LX,GAS cusp galaxies. Fig. 9 . The LX,GAS − M relationships with (top) MTOT within 5Re, (bottom left) MSTAR, and (bottom right) MDM. The green and red points are for the 30 ETGs with kinematically determined mass measurements (within five effective radii) and the 53 additional galaxies with total masses estimated based on MGCS, respectively.
The top panel of Figure 10 shows the excess or deficit in LX,GAS, relative to the best fit line of the LX,GAS -MTOT relation, as a function of fDM. The cusp and core galaxies are marked by blue and red circles, respectively. The core galaxies do not show a significant trend, except the fact that most of them have high fDM. Instead, the cusp subsample appears to have a negative (or positive) relation between log(LX,GAS) and fDM (or fSTAR). In other words, for a given MTOT, galaxies with higher MSTAR have higher LX,GAS (i.e., more hot gas), relative to the best fit relation. The p-value is 0.03 or 0.003 for Pearson and Spearman test, respectively, significantly lower than that (0.1 -0.2) for the core subsample (see Table 7 ). Fig 10. log(LX,GAS) measured vertically from the best fit LX,GAS -M relation in Figure 9 is plotted against dark matter fraction (fDM = 1 -fSTAR). log(LX,GAS) is the relative excess or deficit for a given (top) MTOT, (bottom left), MSTAR, and (bottom right) MDM. We show only those galaxies with kinematically determined masses. The core and cusp galaxies are marked by red and blue circles respectively. The unknowns are green circles.
The bottom left and right panels of Figure 10 show the excess of LX,GAS, relative to the best fit lines, for a given MSTAR and MDM, respectively. For the core subsample, again we find less of a definite trend. For the cusp sample, the correlation between log(LX,GAS) and fDM seen in the top panel disappears in the bottom left panel, but is enhanced in the bottom right panel. These mean that once MSTAR is fixed (the bottom left panel), LX,GAS is not affected by fDM, but that once MDM is fixed (the bottom right panel), LX,GAS is significantly affected by fDM, in a sense that galaxies with higher MSTAR have higher LX,GAS. The p-value is now 0.005 or 0.0005 for Pearson and Spearman test, respectively (see Table 7 ). Figure 11 shows the same relations as in Figure 10 , but for the entire sample including those with MTOT scaled from MGCS. Despite the large errors (in fDM), the same trend in the left panel remains valid. Again, the most pronounced trend is among cusp galaxies. For a given MDM (or MTOT), galaxies with higher MSTAR have higher LX,GAS. The correlation is even stronger in the larger sample with a slope of 5.3 ± 0.5 and the corresponding p-value is low, 3-5 x 10 -7 (see Table 8 ). Even more importantly, this relation now extends to the entire fDM range from 0.1 to 0.9. Again there is no obvious trend, once MSTAR is fixed. We emphasis that this correlation is seen in the sample with kinematically determined MTOT (in Figure 7) as well as in the full sample (in Figure 8) . Even though the MTOT-MGC relation is not well constrained in the cusp subsample, this fact provides an indirect proof for the validity of the MTOT-MGCS relation even in the cusp subsample. Fig. 11 . same as Figure 10 , but we also show those galaxies with masses scaled from M GCS .
To further quantify the statistical significance of the above relation in the cusp subsample, we apply the Markov chain Monte Carlo (MCMC) method (see Kelly 2007) to assess the allowed range of parameters (see Figure 8) . We perform 10,000 MCMC simulations to produce samples from the posterior distribution of the model parameters. The thin red lines in the bottom panel are the Markov chain simulations showing the range of the model parameters. The thick red solid and dashed lines are the median and 1 quantiles. Again among the cusp subsample, LX,GAS is higher, relative to the best fit relation, for galaxies with higher MSTAR for a given MDM. 
